Mutations that increase the longevity of the soil nematode Caenorhabditis elegans could define genes involved in a process specific for aging. Alternatively, these mutations could reduce animal metabolic rate and increase longevity as a consequence. In ectotherms, longevity is often negatively correlated with metabolic rate. Consistent with these observations, environmental conditions that reduce the metabolic rate of C. elegans also extend longevity. We found that the metabolic rate of long-lived C. elegans mutants is reduced compared with that of wild-type worms and that a genetic suppressor that restored normal longevity to longlived mutants restored normal metabolic rate. Thus, the increased longevity of some long-lived C. elegans mutants may be a consequence of a reduction in their metabolic rate, rather than an alteration of a genetic pathway that leads to enhanced longevity while maintaining normal physiology. The actual mechanism responsible for the inverse correlation between metabolic rate and longevity remains unknown.
Despite the universality of aging and death, we lack a widely accepted explanation from either evolutionary or mechanistic perspectives for why organisms senesce and die (1, 2) . The free-living soil nematode Caenorhabditis elegans is a popular model organism in aging studies. Use of C. elegans for aging studies has increased rapidly because of the identification of mutations that can increase worm life span (3) (4) (5) (6) (7) (8) . These mutations potentially identify genes specifically involved in aging and may provide insight into the molecular basis of senescence. The existence of these long-lived mutants has been interpreted as evidence for a genetic program that controls aging (9) . Here, we propose an alternative view: that some of these mutations may increase longevity as a secondary consequence of lower metabolic rates. As such, the mutational effects are comparable to the effect observed with such simple environmental manipulations as an alteration in ambient temperature.
MATERIALS AND METHODS
Strains Used. The following C. elegans strains were used: (i) wild type, standard wild-type strain, N2; (ii) age-1, the first long-lived C. elegans strain identified (4), which is a double mutant containing fer-15(b26) and age-1(hx546); (iii) daf-2-(e1370), a long-lived mutant originally identified as a dauerconstitutive mutant (10, 11) ; and (iv) clk-1 daf-2, a double mutant containing clk-1(e2519) and daf-2(e1370), which was reported to have the greatest increase in longevity of any C. elegans strain (6) . We found that the single age-1 mutant [age-1(hx546)] strain consistently had wild-type longevity at 20°C. Because we did observe an extended longevity in the original double-mutant strain, but not the single age-1 strain, we used the original age-1 fer-15 strain in this study.
Previous studies have found that, relative to wild-type worms, these mutations increase longevity by 50-65% for the age-1 fer-15 mutants (4, 6), 60-110% for the daf-2 mutants (5, 7), and 130-475% for the clk-1 daf-2 mutants (6). Growth temperature is an important factor affecting the relative increase in longevity of these long-lived worms.
Survivorship Analysis. Worms were maintained on nematode growth medium on 35-mm Petri plates and fed live Escherichia coli (strain OP50). Growth temperatures were controlled by placing worms in different incubators in which temperature was monitored at 2-h intervals with Hobo temperature-recording data loggers (Onset Computer Corp., Bourne, MA). All long-lived mutants and a wild-type control were maintained and assayed at 20°C. Initial worm density was identical between all groups (50 worms per plate), and worms were transferred regularly to new plates to ensure that the worms were in optimal environmental conditions. A worm was scored as dead when it ceased moving and did not respond to a mechanical stimulus. Many (15-45%) daf-2 and clk-1 daf-2 worms died containing larvae inside. These worms were excluded from the survivorship analysis.
Metabolic Measurements. Metabolic rate was measured on groups of 50 worms in a 2.2-ml glass vial. Worms were placed on a small agarose spot and sealed in the vial, flushed with CO 2 -free air, and placed in an incubator for 5-6 h. A 1-ml gas sample was then removed from the vial with a Hamilton SampleLock syringe and injected into a Sable System TR-2 carbon dioxide gas respirometry system. The vial was then reflushed with CO 2 -free air and a second sample was taken 5 h later. Each group of worms was run in duplicate, and each set of experiments included at least five samples without worms as a control for background CO 2 production. Control experiments showed that the agarose spot neither increased nor decreased CO 2 production significantly and that groups of worms have a constant metabolic rate over the time-course of these experiments. The amount of CO 2 produced by each group was calculated by using DATACAN software (Sable Systems International, Henderson, NV). This value was converted to SI units by using a respiratory quotient of 0.70 to convert CO 2 production to oxygen consumption. An energy equivalent of 20.1 J͞ml oxygen was used for all energy calculations. The respiratory quotient was calculated by simultaneously measuring oxygen depletion and carbon dioxide generation of several hundred wild-type worms by using a Sable System TR-2 respirometry system coupled to a Sable System PA-1 oxygen analyzer. This value is consistent with that predicted for free-living nematodes (12) . To ensure that the worms were well-fed during the measurement, worms were supplied with an abundance of heat-killed E. coli. In a series of control experiments, we determined that worms both grow and have normal longevity when grown on heat-killed bacteria. Metabolic rate of all long-lived C. elegans strains and a wild-type control was measured for worms maintained at 20°C, with metabolic rate measured when the worms were 3, 6, 9, and
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12 days old. Lifetime metabolic output of wild-type worms grown at different temperatures was calculated by using a series of 4-5 metabolic measurements starting from when worms became egg-laying adults and continuing until 25% of the population had died. This time period includes the vast majority of the lifetime metabolic output of a worm. To avoid potential sampling bias, we did not measure metabolic rates in older populations because of the significant mortality that had started to occur in the populations. This measurement interval varied from 2-9 days for worms grown at 25°C to 9-40 days for worms at 10°C.
RESULTS AND DISCUSSION
Two environmental factors strongly influence C. elegans longevity: food availability and growth temperature. When starved, young C. elegans larvae can enter into a dormant state called the dauer larva (11, 13) . Although dauer larvae are capable of moving, they are characterized by a unique morphology and enter a period of dormancy with reduced activity and metabolic rate (13, 14) . Dauer worms can survive for months in this state and the time spent as dauer larvae is additive to their total longevity (13) . Also, as is the case in most ectotherms, C. elegans longevity is negatively correlated with growth temperature. Wild-type worms grown at low temperature live about four times longer than their high temperature counterparts (Fig. 1a) , and the worm life span at low temperature is approximately as long as the longest-lived mutants.
The large effect of temperature on longevity is thought to be caused by the influence of temperature on metabolic rate (15) (16) (17) (18) .
To test the hypothesis that C. elegans longevity is inversely correlated with metabolic rate, we compared the longevity and metabolic rate among two groups of worms: wild-type worms grown at different temperatures and long-lived mutants. For these experiments, we conducted both metabolic and longevity assays under environmental conditions that maximized the reproductive output of the worms. The worms were well fed with bacteria and maintained on solid agar medium within their thermal optimum. As pointed out by Shock (as reviewed in ref. 19 ), a basic premise of aging research is that the study organism must be maintained under optimum environmental conditions to allow the animal to develop a normal aging phenotype. Because of technical limitations, previous measurements of the metabolic rate of C. elegans involved placing unfed worms in liquid and monitoring changes in the dissolved oxygen levels (14, 20) . Although C. elegans can be grown in liquid culture, it is a terrestrial, not an aquatic, nematode. In liquid culture, worms grow much more slowly, have an altered morphology, cannot mate, and have reduced fertility. Maintaining worms in such conditions makes it difficult to determine whether the animal undergoes normal aging. Additionally, we found that unfed worms quickly reduced their metabolic rate and that the metabolic rate of C. elegans grown under optimal environmental conditions is several times higher than previously reported (14, 20) .
Recent advances in the sensitivity of carbon dioxide gas analyzers and in analysis software make it possible to measure metabolic rates of a small number of worms under optimum environmental conditions. Using such a system, we compared the metabolic rate of wild-type C. elegans grown at various temperatures. As expected, worms reared at lower temperatures had extended longevity and a reduced metabolic rate ( Fig. 1 a and b) . These results show that metabolic rate is inversely correlated with C. elegans longevity. Although the metabolic rate differed, at 15 or 20°C, the worms had a similar metabolic output (Fig. 1c) . The reduced metabolic output of worms grown at 10 and 25°C may be caused by growing the worms at temperatures close to their thermal limits. Evidence that C. elegans is physiologically stressed at 10 and 25°C is seen in fecundity comparisons between worms grown at these temperatures. C. elegans hermaphrodites grown at 10 and 25°C laid an average of 109 (SEM ϭ 7.0; n ϭ 80) progeny and 228 (SEM ϭ 5.4; n ϭ 68) progeny, respectively. In contrast, hermaphrodites grown at 15 and 20°C laid an average of 281 (SEM ϭ 7.4; n ϭ 85) and 287 (SEM ϭ 5.1; n ϭ 87) progeny, respectively.
We then compared metabolic rates of wild-type C. elegans to long-lived C. elegans mutants. If mutations that increase C. elegans longevity act by reducing the animals' metabolic rate, such mutants may have a chronologically extended life span, but their physiological life span (21) , the relative number of physiological events carried out, would be equivalent to that of wild-type animals. We compared the metabolic rate and longevity of several long-lived C. elegans mutant strains, age-1 fer-15, daf-2, and clk-1 daf-2 . These strains all lived longer 
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Proc. Natl. Acad. Sci. USA 96 (1999) than wild type (Fig. 2a) , and all had reduced metabolic rates (Fig. 2b) . A potentially confounding variable in comparing the metabolic rates of wild type with daf-2 and clk-1 daf-2 worms is that daf-2 and clk-1 daf-2 mutants have a reduced growth rate compared with wild-type worms (see Fig. 4 ). As a control for this effect, we compared metabolic rates of worms between these groups at two points when they were of equivalent size and developmental stage. The first point was when the different groups of worms were young egg-laying adults (the wildtype worms were 3 days old and the daf-2 and clk-1 daf-2 worms were 6 days old). The second point occurred when the groups were near the end of their reproductive period. When compared in this manner, wild-type worms had, on average, metabolic rates 2.5 times higher than daf-2 or clk-1 daf-2 mutants (Fig. 2d) .
Mutations in the daf-16 gene, which seems to act downstream of the daf-2 gene (5, 10), suppress the extended longevity of daf-2 mutants. As well as restoring normal longevity to daf-2 mutants, mutations in the daf-16 gene restored normal metabolic rate (Fig. 3 a and b) . These double mutants also had normal growth rates (data not shown).
If mutations that extend the longevity of C. elegans affected only aging, then mutant animals should have wild-type growth and development. Although it is known that clk and daf-2 mutations affect development and fecundity, it has been proposed that these factors are not responsible for the extended longevity of these strains (5, 6) . We compared several life-history characteristics of wild type and long-lived mutants (Fig. 4) . Consistent with these animals being metabolically compromised, long-lived mutants of C. elegans generally developed more slowly and had reduced growth rates and fecundity, characteristics common to worms grown at low temperatures.
The reduced metabolic rates of the long-lived mutants are consistent with the molecular characterization of these mutations. These genes seem to fall into two classes that would be expected to affect metabolic function: clk genes, which are involved in developmental timing, with mutations slowing down development and extending life span (6), and daf genes, which are involved in the pathways that lead to formation of the dauer larvae. The clock gene, clk-1, resembles a yeast gene involved in central metabolic regulation and derepression of an enzyme in glucose catabolism (22) , and clk-1 mutations seem to affect longevity in a manner similar to caloric restriction (23) . The daf-2 gene is similar to a human insulin receptor gene (24) . Based on this observation, it had been hypothesized that these mutations would also affect worm metabolism (ref. 25 , but see also ref. 9). The other long-lived mutant examined, age-1, encodes a phosphatidylinositol kinase family member that acts in the dauer signaling pathway (8) . The age-1 strain used in this study contained mutations in both the age-1 and the fer-15 genes. Because fer-15 mutants alone have normal longevity (4, 8) , we presume that the increased longevity of FIG. 2 . Survivorship, metabolic rate, and metabolic output of wild-type C. elegans and long-lived C. elegans mutants. (a) Survivorship of wild-type (n ϭ 168), age-1 (n ϭ 202), daf-2 (n ϭ 167), and clk-1 daf-2 worms (n ϭ 106) maintained at 20°C. (b) Metabolic rate of wild-type and long-lived worms. Metabolic rate was measured over a 9-day period with worms maintained at 20°C. Worms from each strain were measured when 3, 6, 9, and 12 days old. The double age-1 fer 15 mutant was used in all of these experiments. Each bar represents the mean (Ϯ SEM) of six separate measurements with 50 worms used per sample measurement. The metabolic rate of daf-2 and clk-1 daf-2 worms is significantly less than wild-type worms at every time point (P Ͻ 0.02, Mann-Whitney U test). (c) Metabolic output of wild-type and long-lived worms over a 12-day period. Metabolic output was calculated by integrating the area under a plot of metabolic rate for 9 days. Each bar represents the mean (Ϯ SEM) of four integration values. Metabolic output of daf-2 and clk-1 daf-2 is significantly less than wild type (P Ͻ 0.01; unpaired Student's t test). Although reduced, the metabolic output of age-1 was not significantly less than wild type (P ϭ 0.09). Further experiments showed that, despite its longer life span, the lifetime metabolic output of age-1 is not significantly different from that of wild type (data not shown It has been proposed that increased longevity of long-lived C. elegans mutants is due to these mutations either increasing antiaging mechanisms that allow the animal to reduce or repair metabolic damage or due to disrupting programmed aging (9, 26, 27) . Alternatively, our experiments indicate that C. elegans has a relatively constant metabolic output and that worm longevity is inversely correlated with metabolic rate. The increased longevity of the long-lived C. elegans mutants tested seems to be a consequence of a reduction in their metabolic output rather than an alteration of a metabolically independent genetic mechanism specific for aging. Rather than aging in a fundamentally different way, these long-lived mutants live as though they are at a low temperature, even when at higher aging by the cumulative damage caused to biomolecules by free radicals and other reactive oxygen intermediates that are the inevitable by-products of aerobic metabolism (18, 26, 29, 30) . Our results with C. elegans are consistent with the oxidativedamage hypothesis of aging and with observations showing that, in C. elegans, a mutation that increases oxidative stress reduces worm life span (31) . However, the mechanism responsible for the inverse correlation between metabolic output and longevity in C. elegans remains unknown.
